The embryonic lethal abnormal visual system (elav) gene of Drosophila melanogaster is a vital gene required for the development and maintenance of the nervous system (10, 11, 22) . Transcripts from the locus are expressed exclusively, continuously, and ubiquitously in both the central and peripheral nervous systems (38) . A 1,449-nucleotide open reading frame (ORF) that encodes a 483-amino-acid ELAV protein was inferred by analysis of two partial cDNAs (37) . Moreover, amino acid sequence comparison of this elav ORF revealed homology to known RNA-binding proteins. These findings have led to the proposal that ELAV protein is involved in the RNA metabolism of neurons.
The ELAV protein displays typical features common to RNA-binding proteins that contain ribonucleoprotein (RNP) consensus sequences (2) . The RNP1 and RNP2 consensus sequences are embedded in a larger domain of 80 to 100 amino acids which is often repeated. The ELAV protein contains three such putative RNA-binding domains and an amino-terminal region which is rich in short alanine and glutamine homopolymeric repeats (37) . Homopolymeric repeats are a feature common to a variety of developmental regulators [opa repeats of the neurogenic, segmentation, and homeotic genes and other genes such as the ecdysoneinducible gene E74 (9, 25, 36, 46) , glutamine-rich and proline-rich domains of different established or suspected transcription factors such as Spl, CTF/NF-I, and zeste (15, 28, 35) , and arginine-rich regions of Drosophila tra, tra-2, su(wa), and Ul 70K protein genes (6, 13, 18, 26) ]. With the exception of the glutamine-rich domain of Spl, which was shown to contribute to transcriptional activation, and the glutamine-rich amino-terminal domain of TFIID, which was shown to support Spl-dependent activation of transcription (15, 32) , it is unclear whether these homopolymeric repeats exhibit specific functions. Sequence analyses of homologous genes from different Drosophila species indicated that these * Corresponding author.
homopolymeric repeats are least conserved (24, 45) . Whether the divergence suggests that domains rich in homopolymeric repeats are hinges connecting different functional domains that accumulate evolutionary changes or that they represent sequence-specific functional domains showing species-specific differences is again unclear.
Cross-species amino acid comparisons of protein ho for their amino-terminal regions, which are rich in alanine and glutamine in short homopolymeric repeats. To probe the dependence of elav function on the length of the divergent homopolymeric alanine/glutamine-rich domain, three different constructs, differing in the lengths of this domain, were assayed for their ability to rescue lethality due to an amorphic elav allele. The alanine/glutamine-rich domain of the ELAV protein was found to be structurally less constrained for its function.
MATERIALS AND METHODS
Nucleic acid manipulation. Plasmid and phage DNA preparations, restriction enzyme digests, Southern blotting, labeling of DNA probes, and subcloning were carried out as described by Maniatis et al. (27) . DNA was prepared from adult flies according to Pirrotta et al. (34) . Total RNA from embryos was extracted by the guanidium isothiocyanate method (16) . Poly(A)+ RNA was obtained by passing total RNA through an oligo(dT)-cellulose column (1) .
PCR and immunoblot analysis. Polymerase chain reaction (PCR) reactions were performed by using Perkin-Elmer Cetus AmpliTaq (initial melting, 94°C, 2 min; melting, 94°C, 1 min; annealing, 55°C, 1 min; polymerizing, 72°C, 3 min; 30 cycles) as suggested by the manufacturer except that 1 RI of Stratagene Perfect Match was added per 100-,A reaction. Genomic DNA (250 ng per reaction) was used as the template. The primers DT1288 (5'-GGCA/GCAGCTAATG CAGAG-3') and DT1289 (5'-GCGCGTCTCC/TGTGCTGC C-3') were designed so that they bracket regions corresponding to the homopolymeric alanine/glutamine-rich domains. Embryonic extracts were prepared and immunoblot analysis was performed as previously described (37) . Rat primary anti-elav antibody (1:2,000) and an anti-rat immunoglobulin G alkaline phosphatase-conjugated secondary antibody (1: 7,500; Sigma) were used for immunological detection of the ELAV proteins.
Isolation of genomic elav clones from D. virilis. The D. virilis genomic library (gift of Ron Blackman) was constructed with MboI partially digested DNA cloned in XEMBL3. Hybridization was carried out at 42°C in 35% formamide-6x SSPE (27)-5x Denhardt's solution-0.5% sodium dodecyl sulfate (SDS)-10 mM EDTA-100 ,ug of denatured salmon sperm DNA per ml (7) . Random-primed purified fragments from D. melanogaster elav subclones were used as probes. The filters were washed in lx SSPE-0.1% SDS at 55°C.
DNA sequencing and DNA analysis. Genomic fragments were subcloned into pBluescript KS+ and SK+. Deletion series were generated by using exonuclease III as described by Henikoff (21) (37) . The splicing patterns of the embryonic partial cDNA, cDNA-1, and the position of the ORF defined within it are shown below the genomic map (37) . The translational start codon is split. The hatched region of the genomic map indicates the 13.5-kb XbaI-BamHI fragment known to contain enough information to provide the elav function required for viability (11 p6.6BS (promoter containing), and CaSpeR doubly digested with PstI and XbaI were subjected to a three-fragment ligation to generate elavDvORF. The elavDmORF-120 construct was made by cutting elavDmORF with NotI and purifying the 17-kb fragment away from the 35-and 85-bp fragments. Self-ligation of the 17-kb fragment resulted in an ORF missing 120 nucleotides (encoding amino acids 35 to 74) within the region corresponding to the homopolymeric alanine/glutamine-rich domain. Germ line transformants were produced by injecting homozygous Df(J)w embryos deficient for the white function as described previously (40) . Transformants were selected for their red eye color, since CaSpeR carries the wild-type white gene as a visible marker. The P-element construct was at a final concentration of 300 p.g/ml and the helper plasmid (p-ir25.7 wc) was at a final concentration of 100 ,ug/ml in the microinjection solution. Chromosomal locations of the transduced genes were determined by standard genetic crosses.
Histological analysis. Three-to five-day-old flies were prepared for histology, sectioned, and stained as described by Campos et al. (10) . Flies of the appropriate genotype were generated as described in the footnote to RESULTS AND DISCUSSION Figure la shows the molecular organization of the D. melanogaster elav locus and elav cDNA-1 (11, 37, 39) . The elav transcription unit, defined by the three embryonic transcripts (-4.7, 5.4, and 6.1 kb), is about 15 kb. The ORF defined by cDNA-1 is only 1,449 nucleotides long and resides in the 5' half of the transcriptional unit. An unusual feature of the elav intron-exon organization is that the second intron splits the translational start codon. With the exception of the first nucleotide, the entire ORF is contained within the third exon. Several lines of evidence corroborate that this ORF is used in vivo to generate the major translational product of the elav gene (discussed in reference 37). Furthermore, antibodies raised against this ORF stain neurons at all stages of development (39) , and this ORF is capable of providing elav function in vivo (see below).
Isolation and sequencing of D. virilis elav clones. To clone the elav homolog from D. virilis, a D. virilis genomic library was screened with the 4.8-kb EcoRI-EcoRI fragment (Fig.  la) containing the entire D. melanogaster elav ORF at low stringency as described in Materials and Methods. Tens of positive plaques were obtained when two genomic equivalents were screened. DNA from 10 strong positives was analyzed by Southern blot analysis to look for the presence of a 5-kb HindIII-HindIII fragment, which was previously observed with genomic Southern blot analysis of D. virilis DNA under low-stringency hybridization conditions (data not shown). Only one phage contained a 5-kb HindIllHindIII fragment and was subsequently shown to correspond to the elav gene region in D. virilis (Fig. 2) . The detection of a large number of false-positives probably results from cross-hybridization of DNA coding for the alanine/glutamine-rich domain of the ELAV protein (37). The 5-kb HindIll-HindIll fragment was subcloned into pBluescript KS+. The direction of transcription of D. virilis elav was determined by probing Northern (RNA) blots of D. melanogaster poly(A)+ RNA with single-stranded probes derived from this clone (Fig. 2a) . DNA that the 5' limit of the sequenced region might be within the first intron ( Fig. 2 and 3) . The assigned splice junctions show good fits with consensus sequences for 5 (Fig. 3) . This sequence conservation within the second intron might be of regulatory significance, as the splitting of the translational start codon by the second intron is a conserved feature. The substantial localized homology within the second intron beyond the putative branchpoint sequence immediately preceding the 3' splice junction suggests that the splicing of this intron might be regulated.
AAAACAA/GTGAGT--------------------------------------------------------------------------------------
Failure to splice out the second intron does not allow the A and TG to be brought together and hence translational initiation to produce the ELAV protein.
The D. virilis sequence was also searched for the presence of two transcriptionally relevant sequence motifs, GAGA and zeste binding site motifs (4, 5, 42) , which were found within the second-intron sequences of elav (37) . No exact repeats of the GAGA motif were identified, while four copies of the zeste binding site motif were located within the second intron (starting at nucleotides 1226, 1235, 1341, and 1790). Three of them are clustered within 121 nucleotides of each other. The functional significance of these motifs has not been tested.
Comparison (Fig. 4) . Throughout the RNA-binding domains, the two proteins show extraordinary conservation, as complete identity of the amino acid sequence is observed (D. melanogaster amino acids 138 to 483; D. virilis amino acids 174 to 519). This conservation is more striking than with other Drosophila genes subjected to similar analysis (14, 20, 24, 29, 45) . This identity, spanning about 67% of the D. virilis protein, indicates that this region is under strong selective pressure. Given its neuron-specific localization and the presence of RNA-binding domains in its sequence, we have hypothesized that ELAV is required in some aspects of RNA metabolism in neurons (37) . At present, the specifics of the process that ELAV participates in are not known, nor is it known whether there are other proteins engaged in a similar way either within the nervous system or in nonneural tissues. This strong structural constraint seen over this large region covering the RNA-binding domains implies that the (GCG) . Where there is a match, only the D. melanogaster amino acid is shown. Dots represent gaps inserted in the sequences to optimize homology. denotes stop codons that terminate the ORFs. Circles underlie the residues of the RNP1 motifs, and asterisks underlie the residues of the RNP2 motifs of the three RNA-binding domains. Region II is defined by the carboxy-terminal 346 amino acids which are totally conserved. Region I refers to the remaining amino-terminal regions, which are rich in alanine and glutamine in homopolymeric repeats. The 40 amino acids that were deleted in the elavDmORF-120 construct are underlined.
ELAV protein might interact in a very specific manner with many different components.
The amino-terminal region of the D. virilis protein is larger than that of the D. melanogaster protein. Similar to the D. melanogaster region (66% identity), it is rich in short homopolymeric repeats of alanines (20%) and glutamines (46%). The most noteworthy difference is the presence of a 38-amino-acid insertion composed mainly of glutamines and valines in the D. virilis ORF (D. virilis amino acids 125 to 162). Other amino acid changes are conservative with the exception of the valine-to-glutamine changes at amino acids 107, 108, and 117.
This comparison allows the division of the ELAV protein in two regions: region II, the 100% conserved region with the three RNA-binding domains; and region I, the remaining amino-terminal region that is less conserved (66% identical) and is rich in homopolymeric repeats. The D. melanogaster ELAV protein has been shown to bind RNA in vitro (36a). Region II can be envisaged to be the RNA-binding portion of the ELAV protein, and region I can be envisaged to provide surfaces for protein-protein interactions.
Functional assay of elav ORFs. As shown in Fig. la , the D. melanogaster ORF is localized to the 5' half of the gene. To confirm that the ORF can functionally provide elav function and to assay for the function of the elav 3' trailer sequences, sequences beyond the ORF were replaced by those of the al-tubulin 3' trailer sequences (44) , which can provide the necessary transcription termination and polyadenylation signals, at an EcoRI site 736 bp after the translational stop codon (Fig. lb) . This elavDmORF construct was introduced in Drosophila germ line through P-element-mediated transformation (40) melanogaster, 72%; D. virilis, 76%), but the D. virilis ORF has more homopolymeric repeats and a higher overall glutamine content. We were interested in further testing the idea that varying the length of the homopolymeric alanine/ glutamine-rich domain does not significantly affect the ELAV function. We deleted a 120-nucleotide fragment from the elavDmORF construct such that region I was 40 amino acids shorter ( Fig. lb; 40 amino acids removed underlined in Fig. 4 ). This deletion allowed the generation of an ORF which encodes a protein with a shorter alanine/glutaminerich domain (64 amino acids) while maintaining the same percentage of homopolymeric repeats (72%) (elavDmORF-120 construct).
The elavDmORF-120 construct was also tested for its ability to provide ELAV function as assayed by rescue of the elaves allele (Table 1) . The rescue by elavDmORF-120 again was comparable to the rescue by elavDmORF and elavD vORF. Since the alanine/glutamine-rich domain of the ELAV protein generated by elavDvORF is 2.2 times that generated by elavDmORF-120, and the two proteins appear to function equally well in the rescue assay, there is structural flexibility within this domain in the size range tested.
As an additional functional assay, and to determine whether the same constructs were also able to rescue the visual system phenotype observed in elav mosaics, flies carrying elavDmORF, elavDvORF, and elavDmORF-120 as their only elav gene copy (elaveslY; Tfl+) were examined in 6-,m paraplast sections as described in Materials and Methods. Two independent transformant lines were examined for each construct. As a control, flies of the genotype elaves/y+ scY which are elav+ were processed. The eyes as well as the optic lobes of all genotypes examined were indistinguishable from those of the control flies (data not shown). Thus, each of the constructs, elavDmORF, elavDvORF, and elavD mORF-120, rescued the visual system phenotype.
The alanine/glutamine-rich domain contains partly irregular short direct repeats (Fig. 2b) and probably is more prone to DNA rearrangement by recombination. To ascertain that the rescued male flies still carry the transduced genes intact, their DNA was analyzed by PCR, using primers flanking the alanine/glutamine-rich domain. All amplified DNA fragments corresponded to expected sizes, and there was no indication of gross DNA rearrangement (data not shown).
Glutamine-rich domains lacking primary sequence similarities have been proposed to function as a novel structural motif for transcriptional activation based on studies with mammalian Spl (15, 30) . Preliminary assay of the alanine/ glutamine-rich domain in ELAV for transcriptional activation property is negative (40a). Taken together, the sequence divergence, structural flexibility, and lack of an assayable transcriptional activation function of the alanine/glutaminerich domain suggest that this domain probably serves as a hinge connecting the amino terminus (D. melanogaster amino acids 1 to 23; D. virilis amino acids 1 to 22) to region II. Under less selective pressure, this homopolymeric domain probably evolves more rapidly by mechanisms such as slippage during DNA replication (43) . Since we have not studied the effects of the complete removal of the alanine/ glutamine-rich domain or its replacement with hinges consisting of random amino acids, the possibility that this domain possesses sequence-specific function cannot be completely ruled out.
